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Since 1964 extensive and successful collaboration {n a bomb
gynamice progran hac continued between research organizations in
Augtrallsa, the United Kingdom and the United States. Various
agpects of thia Joint effort have been reported in detail in
separate reports: Part I treated the dynamics, aerodynamiecs and
performance of free-fall weapons stabilized by fixeéd cruci;orm
st:bi 1zers. Part II gave a similar tx*eatment m ,put«s&ivg__”{pve

ﬁ‘ﬂmm WJ i‘»‘cmﬁﬂmuwwn, | m:c; sswmb
Wi olat-0id-dadt | P P




stabllizers. Part III reviewed results obtained from the use
of freely spinning panel stabilizers. This series of reports
1s councluded in the present document which discusses the task
of the ballistician in light of the knowledge gained during
the program and illustrates the application of the techniques
darived to missile design. » In addition, brief reference is

imade to a number of researd h projeets which have stemmed from the
original tripartite work.
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THE JOINT NOL/RAR/WRF REQEARCH PROGRAM ON DOMB DiSIuw,
PART IV THE EXTERIOR BALLISTICS OF BOMB DESIGN

The purpose of this report is to summarize the tripartite cooperative
free<f'all research effort among the Naval Crdnance Laboratory (NOL -
now the White Oak Laboratory (WOL) of the Naval Surface Weapons
Center), the Royal Aircraft Establishment (RAE), and the

Australian Weapons Reseaich Establishment (WRE). This document

is the fourth and last in a series of reports which summarize

various aspects of the program. Of consiceration here are some

of the conclusions in the exterdor ballistics of bomb design

reached as a result of this jotnt ffort.

This project was sponsored by the Naval Alr Systems Command under
AIRTASK Ho. A320-320C/WF32+323-201,

ROBERT WILLIAMSOX II
Captain, USH
Commander

TLEON M. SCHINDEL
By direction
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1.0 INTRODUCTION

This report is the fourth and final document of the tripartite
free~fall weapons dynamics program. The work originally began in
1960 as a bipartite cooperative venture between the United Kingdom
and Australia. The main aim was toc study the dynamlc behavior of
Iree~fall weapons through the complementary use of computer trajec-
tory simulations based upon wind-tunnel data and instrumented free-
fall stores. The scope and accomplishments of this early work are
presented in detail in reference J. Technlical discussions between
represeatatives of the two countries and the United States research
establishments broadened the alms of the program, and s&nce 1964
the program has been pursued on 8 tripartite basis.

In the context of this report it is approprtate to review
~briefly the original research program on bomb dynamics and to comment
upon the value of the project as 2 cooperative endeavor between the
three participating countries. Timeliness was perbaps a factor
which contributed most toward the success of the project begause
mutual {nterest in the work was stimulated at the onset through each

- country's need to establish lmproved design erlterlia in bomb ' .
S B3ills ti»a. Exchange vislta, made efarly in the program and continued
regularly throughout, led to frultful sharing of data and experience
-by briaging together experss 1Pom frume rous reuearch establibhmenta-
in *he thiee countries, L -

The pussession of :ulluﬂﬂale inétrumehtéﬂ bomb ﬁest'vehzcies'
provided an excoellent basis for the experim&ntal program whieh haa _
.the following main ebjectives.r .

- a. To provid@ a more rigorous cheokt on the valinity of curvext
theories by maling cobrelations between the obaerved behavior of th@ E
research vehicle and that predicted from a mathematiceal model using

the rost complete sets of wind~buﬂnel and free-xligbt data
'Vcbtainable. o .

S i'oues . W., and Shaﬁnen, J. H. W., "Nesults and Conclusions of
the Jolnt QALJHRL Hesearch Program on the Flight Dynamice and Ballistle

Consistency of Freely Falling Misesfles, Part I, Bombs Stabllized by

- Fixed Crueciform Fins,™ RAE TR 65800, Royal aircraft fstablishment,

- December 1965, alsoWRE Report HSi 20, Weapnns nesearch ﬁdta31¢bument,

hovember 1998,

-
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b. To investigate ldeas, both theoretically and experinentally
which provide solutions to some of the stability problems experienced
by free-fall weapons or to increase weapon versatility and ballistic
consistency through design improvemeants.

¢. To develop new experimental methods for obtaining aerodynamic
data. _

The first objective is the most important single aspect of the
tripartite program. Certainly the most significant advances in bomb
bailisties over the past 15 years occurred in the development of
three main tools: first, large electronle digital computers for
~carrying out hizhly decailed weapon simulations; second, transonic

wind tunhels with test gsedtions of surficient sive for teating layge-
scale models up to oné-~half scale in this program; and third, reliable
full-scalé stores with internal instrumentation, together with a ‘
telematiy syatem ror'tpsnsmissian or the measured variables to 8-
ground station. L

‘ Hith the availability of theae tools amcng the tnree countries -
. a meaningful tripartite research program became possible, Extensive .

"l.jwindetunnel méasurehionts were carried out in loboratories tn the

- United Kingdom and the United States, with sone specialized studies

“being carried out in Australia as well, Trajectary gimulating for
‘the resesrch program were performed at the United States Naval Surface =
" Weapons Center, White Osk Laboratory (WOL), and the Australian Weapong
© Researeh Establishment, The freesPall telemetry tests were &esigned o
. and éxeauted bJ the Weapons - Reseavch Estabiishment.-

_ As noted in b. abavei attentien waa givan to the testiﬁg ar ST
nevel stabflizers. Among such devioes was the spliv-skivt stabllizer.
A spliteskirt stabilizer is Cormed by sliﬁiub the tall eylinder .
‘axiaily intz petala, usuilly four in numbeér. The mailn advantags of

. Buch 3. stabllilzer 1s its use as & variable drag device, pevsitting

"sthe operation of a free=fall weapon {6 a4 high< or low«drag mode by.

'f‘.varyzng ‘the petsl opening. The second tripartite report then wus -
- devoted to a comprehensivy assessment of the aercballistic chavaoter- . .

A’Tirreely spinning stabilizer. In its simplost fovm this stabiliges

istics of the aplit akirté - &nother innovative stabllizer was the

s a conventiondl panel stabilfver which can rotate about the weapon' o

Ya

“leongitudinal axis. Rotation of the stabllizer is affected by can%ing

" the panéls. 'The forebody will spin only uvader the influence of ¢

own ssvmnetyies and any torque transmitted from the tall through LT
“bearing drag. The advantages of thie stabilizer ave the miﬁSmizanien‘@“,

e elimination of rollalnduead forces and maments. raﬁid spin

;'~e,'Shannon, J. R. w.. and Tanner, F J.i “?he Joint veai s
 RAE/WRE Research Program oi chb Dynamicy; Pavt IX; A Low-Drag Bomb - ..
with Spiit-Skipt Stabiliz=se,™ HOLTR 69-232, Naval Ordnance Laboratorys -

TR 70038, Royal Afrcraft Eatabiishmanb. Repovb HsA 20. Héapena Eesenrchﬁffi

'ff'eéan:"

';f,f*asbablishmant, Navemher 1969
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acceleration of the stabllizer through resonance, and lts use as an
environmental sensor. The dynamic¢ and aetrodynamic characteristics
and the anticipated performance of free-fall weapons using the freely
spinning stabilizer are reported in reference 3.

Objective c., for the most part, covers various testing techniques
whose development was strongly motivated by the tripartite prograr.
Among such improvements in obtalning aerodynamic data might be
included the development of gas bearings for pitch damping supports,u
Magnus balances,> electromagnetic transducers for angular measurements
in pitch damping,5 gne-, three-, and six»degree-ofefrgegom data=-
reduction programs,/ and various trajectory programs.

The present document considers various aspects of the research
work not covered in the previous reports. Among these items is the
anomalous roll behavior caused by the presence of a yaw probe at
the bomb vertex. In addition, a summary is glven of various completed
and continulng research efforts which, while outside of the tri-
partite program, nevertheless show the strong influence of the progras.

-

SRegan, F. J., Shannon, J. H. W., and Tanney, F. J., "The Joint NOL/
RAE/WRE Research Program on Bomb Dynamics, Pary III, A Low«Drag Bomb

_ with PFreely Spinning Stabilizers," NOLTR 73-77, Naval Ordnance
Laboratory; TR 730690, Royal Aireraft butablishnent, Report 904 (WR&:),

Weapons Research Establishment, June 1973

.‘aﬁegan, ¥. u.g and landelo, J. A., "Inatranentatton, Technigues and

Ampliucis VoLl at the daval Opunaiice uaooraaovy for the Determinatic

of Dyramic Rerivatives In the Wind Tunnel. dOLTﬂ Gbacjg Naval uraraﬂeer
' uaberatopg. Aubuat 1966 , ' ‘ ~

o 5negan, F. J., and Horanoff, E. V., “"Wind Tunnel ﬁagnu Pesauremonta
" a* the Uaval Ordnance Laboratory," AIAA Paper buw?b3. Alﬂa A&rcdgnam

Testing Conference, Loz Anga;ea. Ba;i.gvn;a. ¢1~c3 augtemner 1969, -
alsc AIAA Journal, Vol. 3, iHo. 6, 1967

:ﬁ.t-_sﬁe?an, ¥. J., Ogan, K., ond Holmes, J. E., "Variable Heluctanve
. Transducer for Use in Wind Tunnel Pitch«Damplng ﬁeaau ements, ™ NULTR

§&~9. Naval Urdnance Laborator , 196%

7hradler, ¢, E.; "A Method for h&ternininE the Paran *L@r 01 Grdihsr“

.irbiffePEﬁbia‘ kquatinns,  VOL“R ﬁ8»19 2, Raval Ordnanye Laborator;
_ ovember 1968 :

”’".sﬂolqu, do Bey "& ?Gﬂé“ﬁ ix-negreeaurnvxeednn Trajeﬁtovg Progras

for Vehleles with Freely Spinning Tall Stabiligers,® NOLTE 69—155.

- Naval O"dnance Laborastory, October 1969

<j-909udale, P. Ly “An 184 7090 1x-negrée~or~rreedam Higld Bvdv

Trajectory Progyam,™ Tech. Note HSA& 118, Heapona ﬁesearch Establish

ment, June 1766
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Such wo. ks include a study of the effect of nose vanes for diminishing
the Magnus moment on a free-fall store, and an investigation of the
application of freely spinning stabilizers to a canard controlled
alr-to-aly aissile.

Broadly, the overall aim of the tripartite program was the
improvement of perfoprmance and ballistic consistency of free-fall
weapons. Thus, a brief outline is inciuded in this report of the
gignificant proslem areas of free-~fzll weapon design. These areas
are isolated and identified graphically as functions of static pitch
frequency and spin rate, ‘A typical medium-weight free-fall store
will then be chosen as a generilc weapon in tracing out acceptable
design procedures, Finally, the tyipartite program will be reviewed
with particulsr emphasis on the effectiveness of such a cooperatlive
effert, .

SYNBOLS
AR aspect ratio, b/8
b stablilicer span
b stabilizer span in calibers, b/d
. Cp roll moment coeffictent, My /QSd
:.Cga . 6amp.ng~§n roll’ derivative. 3cg/§p
Cts - reiliﬁg mament derivative due to fin cant, acgfaa
Gy pitching maﬁéht coefficient, ﬂleaﬁ
fcﬁ, : ,1-'pitching nomenf darivative vith Fesyact to angxe o?
e attack, 3C,/3s =
| Sng * Uny  dasping-in pitch dectvative, acmfaq + anml?}(udl”\?)
Cy -~ normal force coerriciﬁut, aya/eaa
16361';"_' _nermi* foree deriva%ive with respaet to anglé @r
y - attack, 3Cy/du . | ,
Ty | yawing noment coefficient, K }Quﬂ
c“pu o _';Hagnns derlvacivep 3?€n13p3u ’
c“r -n_cui :_dan:pingsin yau derivative, w“far + 35 xutaa/..w
'd  pelerenze length (uazinum dody dtaneter)
R f&neneaa ratio, t/d
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{Fx,Fy,Fz} forces along {x,y,z} axes

iy axial moment of inertia
Iy transverse mome:nt of inertia
K, nondimensional axlal radius of gyration, f?;:jggi
Y K nondimensional transverse radius of gyration, j'Iy/de
3 body length |
L stabllizer moment arm {(caliders)

{H,,?y,mz} moments about {x,y,z} axes

4 mass
{b,q.r} angular rates about the {x,y,z) axes
p nondimensional spin rate, pd/2v
3 rondizmensional pitch rste,-qdfév
e | '.dynamic pressure, 1/2pve |
o ‘nondimensional yaw rate, 72V
l;s ‘ 'ré?eﬂence abea, wdisd |
Sg fgyrqseopic stabllity ?éﬁa&etér
¥ atrcpeed - |
{k,ye2) ayaé&hnl listic body axes
s . angle of atizek o
B angieroj-yaﬁ '
| & - finecant angle
a dunping fastor |
g  3!131*£$*3?§“5?8?§§-iﬁeﬁtii petio
e . density |
e e wsg?
"“f' Wy - cireuiar pisch Preguency
R nondimensicnal piteh Trequency, wgd/EV

5
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wg circular yaw frequency

ae nondimensional yaw frequency
Subscpripts

b vody

n nutational

p precessionai

t trim

2.0 AHOMALOUS ROLL BEHAVICR

An lmportant finding of the rescarch was concerned with the large
efrect that apparently small configurational changes have on missile
flight performance. This was reveagled dramatically by gross altera-
tion in the traJectory of a research store which was fitted with a
nose probe, _

A nose probe was added to a limited number of the free~fall,
H5574& research stores in order to impsove the aceupacy in measursment
of yaw. The dimenzions and position of this proebe are fllustrated.
in Figure 1. Inltislly it was belleved that the presence of the
prabe would have a ﬁegligihle effect on the !l‘ght perlrornance of the

- store slnce the length of the probe was less than 7 percent of the
bedy length snd the diameter less than 8 percent of the body diaseter
However, In two Instancéda abnovesl rolling bhehgvior was cobserved at
high ineldence during the {irst few se&anda of fall wnich tould not
be txplsineu on the basis of the availeble induced rﬁ}ling roment
data, &n example of measured and preﬁictea roll ratea iy “wprc&uaed
fraw relerence 1. in Figure 2.

) At the tisme of the flight trials *o;l vig behavior at large angles
of Liavk was not fully ﬁﬁd?rn¢U@Q3 but $¢ wag wpown that voprticss :
shed fram the borb body at high incldence could induce exeepnian&*iv

- strong rolling soments {F they passed in close proximity to thg
stablliziag fing. A series ol small-gsedle smoke-tunnel foges’ %*rv*aﬁ

Ul @t WRE confirmed the p {qgenue of sueh body wartiues aad the wopk -
of Thomson and Hsrrisuﬂ“' * has furthep ‘rai“@ted haw *he gﬁaractpr‘stiaa

!‘*x»mwsn. K D‘. *Cn th~ Flow Qver a Sobb Shape at haFgé ﬁngxea of
Incidence,” WHE Tech, Nemo HSA 137, Apiril 1965

i1 ”hamaen, D, D.* anid Merrison,; Do F., “0n the A&vmneﬁrda gheda¥ng n‘
Vortices From aienﬁmr Cylindrionl ﬁcdies at uarge Angle% of Attaok

BB WEE Tech. Note H#34 106, Nay 1965
C - i2Thomson, K. D., and Rarr&saﬂg 2, F., “The bﬁacina, Pogiblon and
e . - Strength of Vortlces {n the Waké of Slender Cylindrical Hadies at

Large Inctdence,™ WRE Report ﬁéﬂ 35, June 1959. also écurﬁal Piuid
Meshsnieca (19715 Vol. 50, PL. %, pp. 15178 3 :

5
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of such vortinces are prone to scale effects and mayAbé critically
influenced by extremely small changes inh misslile nose allighment.

Because wind-tunnel measurements had been carried out on the
basic co. iguratioh only without the nose prcbe,; it was decided that
in view of the evidence available further tests should be made with
the nose probe fuily represented on the wind-tunnel model. Taus,
fivewcompuonent statlc measurements were fgrriéd out by RAE in the
6- by 8~Foot Wind Tunnel at Farnborough. Comparisons were made
at RAE for the model with and without probe, with the probe rotated
180 degrees and at a wide range of Reynolds numbers.

It was found from these data that the normal-feorce and pitching~
noment coefficlents were not greatly af'fected by the preserice of the
probe. Cartainly some alteration of the in-plane force and moment
did exist, but not greater than 5 percent in either coefficient at
any angle of attack. Clearly, the ocause of thz abnermal behavior in
free fall must have atemmed from those forces and moments which are
induced by asymmetrdes of flow with respact to the plane ecortalning
the angle of attack. Upon examination of the side forde and yawing
moment eccefficlents it was found that there was a marked difference
between the probe and the no-probe configurations espeeially at angles
of attack in excess of 10 degrees. Pigures 3 and Y present the side
force and yawing moment coefficients. It is evident that the presence
of the probe significantly influences these quantities. The drastic

- . change in the side force and yawing moment with rotation of the probe

through 180 degrees is a typical effect of body vortices which are

being shed asymmetrically at large angles of §8t§°k This phienomencn

was well demonsbtrated by Thomson and Morrison and 1t arises

Irom a preferred right or left "handing" of the body vortices as

deteimined by the slight but inevitable nose probe misalignment. In

Flgure 9 similar effects of the nose piobe are exhibited by the

induced rolling mement coefi'icient, where potation of the prabe

- theough 180 degiees completely changes the sizn of &he moment at
anzles of attack 5reater than about 12 degrees.’ ,

: further study of the probe was carrzeﬁ out by kOL in the d%val Ship-
Research and Development Center (NSRDC) transonic wind tunnel.l o
This study was concerned with making Magnus reaaurercnte on the H823y
research store with and without the noué probe. (The ME23 configuration
is identical with the M55TA except far a minoy ﬁifier@nae in uonteur
of ‘the tall cone whilch 1s unimportaat in: the context of these -

'=,13née "?., ané‘hacker, 1.0., Finduced Rolling Moment Chavacteristics
of the HN557 Streamline ‘Borb at Nack Nuwber 0, 5,? RAE ?ecn» flamo Aero

1154, July 1989

1LRegan, ¥. J., Holmes, J. E., and F&luai M. h., ”Magnus Measuremente
. on the {823 Research Store with Pixed and Freelw Spinning Crugsiform
- Svabilizers, Frebly Spinning Monoplane Stabilicers and Split-Skive -
Itggilize«a,“ KOLTR 69-214, Raval &rdnanca Lavoratory, November
9 ,
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investigations.) Figures 6 and 7 present a portion of the Magnus

data obtained. The probe quite clearly causes the sign of the Magnus %
side force to change. Also it is evident that the probe has an B
influence at significantly smaller angles of attack on a rotating body. &

B
N
1
(>

3

Recent investigations by Fletcherl® on the Magnus characteristics
of a spinning, inclined ogive cylinder have revealed how the measured '
Side force is critically determined by both the body vortex positions
and cross-flow separation positions which can adopt very asymmetric
configurations. Using the impulsive flow analogy and a simple
potential flow model in conjunction with experimentally determined
values for the cross-flow separation angles and the location and
strength of the body vortices, Fletcher has demonstrated the full
significance of body vortices in their contribution to the Magnus
side force. Thus in terms of the impulsive flow analogy the nose
probe depicted in Figure 1 has such proportions that, at incidence,

a pattern of flow separation would be fully established over its
cylindricsl surface in advance of the basic body nose=cone.
Consequently, flow conditions over the nose-cone would be substan-
tially modified by the probe. It is believed that such flow changcs
at the nose are sufficient to displace the primary body vortices

and alter the overall cross-flow pattern, resulting in the observed
differences in side force and yawing moment indicated in Figures 6
and 7.

The result of this investigation provides a major conclusion
of the tripartite effort. In unguided free-fall missiles where high
angles of attack may be encountered (greater than about 10 degrees),
small configurational variations, especially in the region of the
nose, can cause drastic changes in the out-of-plane aerodynamic
properties of the missile. This conclusion provided some of the
motivation to study nose modifications such as the use of noze vanes
for controlling the Magnus effect as discussed later in Section 3.0.

3.0 MODIFICATION OF MAGNUS EFFECTS BY NOSE VANES

Further research relating to the original tripartite program was
undertaken recent%y at the Naval Surface Weapons Center, Dahlgren
Laboratory (DL).1 Investigations were made into means by which the
precessional damping of the M823 research store might be increased.

In studying this problem, an appreclation of the constraints was first
obtained from the solution of the linear equations of motion; namely,

I5FIetcher, C. A. J., "An Explanation of the Negative Magnus Side Force
Experienced by a Spinning, Inclined Ogive Cylinder," WRE Tech. Note
489 (WR&D), November 1971

16Becker. M., and Roman, J., "Effects of Nose Vanes on the Dynamic

Stability of the M823 Research Bomb," unpublished data from the
Naval Surface ‘'Weapons Center, Dahlgren Laboratory

13
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7 o RiePatunlt, g (ptuplt, g (1)

where & 1s the complex angle of attack, Ky » K¢ &re various couplex
constanis, An, Ap are the damping factors, ans Wns Wne the frequencies
of the nutat?ana and precessional modes, respea?ive y. The damping
factors, An &nd Ap, are of intereat in aosessing stability and may

be written in terga of the aerodynamic derivatives es,

) Qs .(“)<:) pd? =) (+) mda(i)(".
‘up * Buv [Cné\l+t) + ﬁ!; (cmq+0m&)(1t3) + T cnpuf] (2)
where
and
. thSQc_?Cmq.
Sg Igape '

The necessary and sufficlent condition for the stora to be drnamically
stable 18 for A, < 0 and X, < 0. It will be noted in Equation (2)

that the signs of the various factors have been indlested. Thers aref'_'

three options availatle to the deelgner in altering the nutsticnal
and precessional damping serodynamically: change the normal force
derivative, C, , the damping-in pitch derivative,'emp + Cp,, &nd

: & a.

. the Magnus desivative, Cp . Howaver, O, cannot be giteréd without
3 . o 2y ,

‘chanéing the static and. hence, plteh frequency charscteristics of
‘the weapon. The relationship between resonance and pitch freguenocy
dictate that the normal force coefficient, an. cannot be readily

~ changed. In addition, configurational changes that would aiter the

- <damping-in pitch derivative, Cimg * cma v Would almost certainly affect
the piteh freguency. The third term, ildentified as the Naghus woment '
dapivative, cﬂpa, offers the only hope of altering the damping

fantors without at the same time causing unscoeptable changes in
che static eharacteriatics of the weapon.

4 it will be noted in Eguation (2) that “he Nagnus derivative has
& damping effect on one mode and an undamping effect on vie othey,
- regardless of the sign of the derivative., Thus, th= Nsgius elfect

- increases danping cf the precessional mode snd undamps

16
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the nutational mode (if Cn is poritive) or increases damping of
pa
vhe nutational mode and undamps (he precessional mode (1f Cn o is
p
negative), In Equation (2) the term containing the dampingein pitch
derivative, Cmq + Cp., dominates the static force ternm, Czu.
o

Accepting this simplification 1t may dbe seen that the precessional
damping 1s more critical because the multiplier (1 - 1) 1s smaller
for the precession mode, Since a negative Magnus moment derivative,
Cnp“’ was measured, clearly any attempt to diminish this quantity
will aid precession=l damping. Of course, reducing the magnitude of
Cnpa s or even causing it to become positive, will decrease

nutational damping, but, as pointed out above, the situation here
is less critical.

The Dahlgren Laboratory investigation involved placing nose
vanez on the MB823 research store in an attempt to make beneficial
changes to the Magnus moment derivative. The vanes were canted at
+15 and <15 degrees relative to the body center line. Vanes at
the positive cant angle are illustrated in Figure 8. Tests were
conducted by the Dahlgren Laboratory at the Arncld Engineering
Development Center at seven Mach numbers (0.2 to 1.2) and at angles
of attack varying from -2 to ¢16 degrees. The model was dyiven In
spin by means of fins canted at angles from 1 to 5 degrees. In
these tests the model was mounted on & conventional Magnhus balance
which provided four-component data: silde forece, yawing moment,
normal force and pitchling moment. ; '

Based on the above tests {t was found that the nose vanes caused
a significa.t asteration in the Magnus characteristics of the K823
research store at transonlc speed. The negatively ranted vanes
(«1% degrees) caused an increase of the Mapnhus force In the negatlive
divection compared with the force measured nn the base configurati-n
(ro vanes). From Equatlon (2) 1t may be seen that an Increaslngly
negative Magnus moment derivative results in a deprease ln precese
slonal stahility ana an Increase In nutational stabllity. Since
precessional stability s nore critical, the vanes set at «1% degrees
result in a decrease 1n weaspon performance. The positively canted
vanes, on the other hand, were found tc reduce the magnitudé of the
negative Magnus moment and, {n some cases, to cause the sign of
Cﬂpu to become positive.

As pointed out above, only four<component data were obtained
in thege tests, !.e., the drag voefficliunt, Cp, and the damping-in
pitch derivative, Cmq + Cp. o were taken from earller tripartite wnrk,

o

The assumption was made that the presence of elther set of nose vanes
had negligible effect on the drag and on the demping-in plich -
derivative. Using Equation (2) in concert with a roll eguation to
generato spin rate, p, and a particle itpsjoctory program to provide

17
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airspeed and Mach number, it was possible to compute the damping
factors for several launch conditions. Figures 9 and 10 present a
comparison between the two vanes and the basic body on the basls

of the nutational and precessicnal damping, respectively. In these
figures the bomb was launched at 600 knots from an altitude of 30,000
feet. The fin-cant angle was 3 degrees. It may be seen that the
¢15«-degree vane results in considerably less nutational damping thun
either the =l15«degree vane or the basic configuration. However,

in the more critical precessional mode, the ¢15-degree fin vane
markedly improves the damping. The «l15-degree vane is totally
unacceptable since 1t undamps the precessionsil mode for most of the
flight.

One of the more interesting aspects of this lnvestigatior is
the determination of the Magnus derivative, Cﬂca‘ In referencs 17

the position was taken that the Magnus forces and moments were
identified entirely with the side force and yawing moment. However,
to use these data in a linear stability analysis (Eq. (2)) it was
neecessary to determine the Magnus moment derivative, C“pa' A

bivariate least-squares fitting technlque was used to fit the side
force and yawing moment datsa as a function of angle of attack and
reduced spin rate. The minimum degree polynominal which provided a
satisfactory fit s the following for the Hagnus moment,

»
where p v the teduced 2pin rate and 6 the magnitude of the angie
between the zero-iift line of the model and the jree-stream Ticw.
The constant, Cp, {5 an indicator cof the experimental blas and 15,
ef course, erxcluded from the s*ability analysis.  Clesrly the tern,
C11 1s ldentical to the linear Haghus derivatlve, L“pa' as may Le

seen by taking the r'»st coross derivative., The remalining terms

»1ﬂd§cate the nohlinearity of the yawing woment with the P ang o

vari&bies. A runiinear formulation of the Magnus derivative felilows
om Eguatien {3) 2

)

n .
Ch., @ ?
ra pa

3’Regan, 1 J.. erd Pelusi, H, E., “The Statlc and Magnus Aeprodynarmi-
Charaecteristics of the ﬁ823 Research Store Equipped with tixed and
Freely Spisning Stabilizers,” NOLTR 72-291, laval Ordrgnce Laboratoyy
December 1972
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in the linear stability analysis (part of the results are presented
in Pigures 9 and 10) Equution (4) was used for C“pa' Thus, a spin

rate dependency wes introduced into the atability criteria.
Merther details cof this study ofﬁthe Magnus moment-altering
venes are gilven by Be~.er and Roman.
4.0 OUTLINE OF RELATED RESEARCH
Rezearch in the tripartite program extended over a period of
some re&rs, during which time a variety of related work was initiated.
Suci activities are outlined below.

4,1 Aerodynamics of the Monoplane Tail

Stabilization of the MB23 research store by means of a freely
spinning movnoplane tail, as described in Part III (ref. 3) of the
Joint program, clearly shows promise for airceraft weapon applications
in underwing stowage. Accordingly considerable effrrt was devoted
to wind-tunnel measurements of this configuration (ref. 18, 19 and
20). To allow realistic predictions of flight behavior, detailed
information was required defining the statlc and pitech-damping
coefficients as functionz of body incidence and stabilizer roll
angle., Figure 11, using data from reference 17, illustrates the
extent of variation in static maprgin (moment reference about body's
midpoint) expurienced with the monoplane tall. Thus, at zero roll
angle (fin panels normal to the incidence plane) the static margin
is one caliber. At L0-degrees roll angle the configuration is just
nautrally stable anrnd at 90-cdegrees roll angle the overall center
of pressure moves progressively forward to &bc;t 3 calibers ahead
of the body vertex.

The rlight dynamics and stabllity of missiles with freely
spinning atabilizers was briefly analyzed in Appendix 1 of rarerence 3
and is further expanded in rererenee 2l.

. T8Regan, ¥. 07 "pr2liminary Static Wind Tunnel Meaauyrements on the
MQES Research Store with a NMonoplane Stabilizer," private comsanica-
tion, Naval Opdnance Laboratory, January 1971

19Marsden, P., "Kesults of Wind Tunnel Tests en the MB23 Researck
Store with Fixed Monoplane Fins (ARA Model M23)," ARA Model Test
Note M25/1, Bedford, UK, 1967

20yingrield, J. G., "Reaults of Wind Tumnel Tests on the MB23 Research
Store with Fized Monoplane Fins (ARA Model M25)," ARA Model Test Note
M25/72, Bedford, UK, December 1968

2lpegan, F. J., "Static and Dynamic Stability of Free-Fell Stores with
Freely Spinning Stabilizers," NOLTR 73-19, Naval Ordnance Laboratory,
January 1973
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4,2 Application of Freely Spinning Stabilizers to Guided Missiles

A potentially very practical application of the freely
spinning stabilizer is seen to arise in designing air-to-air gulded
missiles, where canard control systems are often used. Roll stabi-
lization is extremely difficult to achieve with conventional canara
designs because of their downwash effects on the rearward lifting
surfaces. This inherent weakness may well be overcome by the freely
spinning stabilizer which is not mechanically coupled to the forebody.

Based upon reasoning of this kind Holmes?2 at WOL, has
developed a six-degree-of-freedom computer program to simulate the
flight performance of powered missiles with freely spinning stabilizers.
Such a program may be expected to find many applications in the near
future.

4.3 Examination and Measurement of Magnus Effects

, An important aspect of the tripartite program was the
opportunity it presented foyr systematically studying the Magnus effect
on a finned missile. It has been qualitatively established for many
years predating the tripartite research that the Magnus effect could
be significant in free-fall missile performance. However, the Magnus
force was often tacitly assumed to be linear in e¢ffect and entirely
viscous in origin. Extensive Magnus measurements on the MB23 research

" store has clearly demonstrated nonlinear variations with angle of
‘attack and lead to the belief that the Magnus contribution from the
stabilizer may be explained on the basis of inviscid fluid mechanies.

Beyond the immediate post«launeh pericd, from 1 te 5 seconds
depending upon the altitude (i.e., density), the typical free-fall
store has a steady state spin rate estabiished uniguely by the angle
of Iin cant. Thus, 1f a wind-tunnel model poésessing gecmetrical
similarities (including fin ecant) to a full-scale weapon is tested
at a given angle of attack and Mach number, the reducsd spin rate
will be that produced by the full-scale weapon at the same Mach
number and angle of attack. Since the Maghus effect i1s defined
uniquely by reduced spin rate, angle of attack and Mach number, the
wind-tuninel measured aerodynamic coefficlents will be appropriate

- to the full-scale weapon. In other words, after an initial period
of spin acceleration, the reduced spin rate 18 not an independent
parameter. If the angle of attack and Mach number are fixed, the
reduced spin rate 13 also fixed (assuming fin cant to be constant).
Thus, much of the original Magnus program repurted ip reference 14
- was rerun at the Arnold Engineering Development Center [AEDC). 1In
. -these latter tests fin cant gan uged to drive the model rather than
- an internal electric mctqr. An important result. of this comparacibe

- ZIoYdes, T EL, Y A Powered Plight Sixunegree~af-Freedam T“aJéctory
Program for Vehicles with Freeiy Spinning Tail Stabilizera,“ NOLTR
69w155, Ravai Ordnance Laboratoyy. October 1969
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effort was the conclusion that ah errcneous simulation will result
if a model with zero fin cant, say, is spun by & motor to simulate
the spin conditons of & canted fin. In short, the Hagnhus effect
over most of the weapon's trajectory is simulated adequately by

. spinning the model by means of the exact fin cant,

An interesting study which stemmed from the sbove-mentioned

Magnus testing program was the attempt to predict qualitatively the
Magnus load due to ge stabilizer alone through the use of Platou's
qualitative theury. This theory is based upon the alteration of
the stabilizer pressure distribution by means of wake intereference
on the stabilirer. In comparison between AEDC measurements and a
formulation of Platou®s theory, it appeared that up to 5 degress

angle of attack the theory was in good agreement with the measured
loads. The result of this work has been presented in reference 24.

5.0 BOMB DESIGN CONSIDERATIONS
5.1 Initisl Design Study |

The weapon designer is faced with many constraints which combine
to place limitations on the range and even choice of design parameters.
For example, the weapon's overall dimensions must permit carviage
onn a variety of alreraft. The diameter is probably fixed to meet
existing carriage requiremsnts. An important parameter in. free-fall
dynamica, such &8 the mass distribution, 1s severely restricted by
lethality requiremsnts and internal component layout. If the weapon
is to be subjected to external carriage on a high-speed airecraft,
there will be severe restrictions on bluffenose shapea, Rack and
bomb-bay stowage places further limitations on the allowable tail
length and fin span, possibly neécessitating the use of retractable .
fins. In the proceas of complying with these constrainis, the
weapon designer can present to the exterior ballistician a fairly -
-comprehensive sketch of the weapon in the early ccneept~rorming
stages of design.

: With such information the ballisticlan is'able to make a
‘preliminary eatimate of the aerodynamic characteristiocs and, if
necessary, suggest changes in the vonfiguration to ensure that
-adequate static stability is obtalned. Some compromise between

~ weapon designer and ballistician 13 almost inevitably required in

" matching the weapon/afireraft interface, and, too rwequently, thia
produces a weapon design with marginal statie atabllity. At this
stage the aercdynamic eatimates must be checked by means of wind-

~ tunnel tests on the proposed weapon shape, It is important that.
the balliatiaian~be,aeutely aware of the designer's 1nténcions,

W atou, ., "The Magnus Force on’ a Fixed Body," Ballisticu ‘
~ Research Laboratories Report 1193, Narcn 1963

2lUgegan, P. J., "Magnus Neasurements on a Freely Spinning Stabilizer,
ATAA Paper No. 70-5959, AIAA Atmospheric Flight. Nechanics COnferenee.
, Tullahoma. Tenn. , 13«15 Nay 1970
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particularly with regard to changes in external shape which may be
caused by small additions, such as lugs, fuzes and sensors. The
position of the center of gravity and future aircraft carriage
regquirements should also be explicitly defined.

6.2 ‘Taaks of the Ballistician

To achieve the desired weapon effectiveness, bombs must give
predictable performance and consistent aiming capability without
endangering the launch aircraft at release. Factors which the
ballistician nust consider in this context are the weapon's quick
recovery from a release disturbance and freedom from dynamic
instabilities during its fall. In addition, he may be required to
produce preliminary estimates of impact veloeity, time to fall to a
specified height and speed at a given altitude. Such information
on the flight 2nvironment is generally required earliy in a weapon
development program to assist with the design of fuzes, ete.

Consequently, it is necessary for the ballistician to obtain
an accurate measure of bomb drag, together with the seroaynamic
characteristics which determine flight stability at both small and
large angles of attack. In the preliminary stages of development
the required aerodynamic characteristics may be estimated by
synthesizing component contributions or predicted from avallable
data on similar configurations. Later, when a design is “frozen,"
wind~tunnel measurements in conjunction with a trajectcry simulation
program may be used for falrly precise estimates of weapon performance,
This latter procedure h§3 en discussed extensively in the preceding
reports of this serles. For the present purposes therefore,
only the sallient featureu ar the flight dynamics envelope will be
highlighbed.

- By weans of a simple dlagram 1t 1s possible to illustrate the
reglons of stabllity and instabllity from which relevant design

- eriteria may be established for a bomb with {fixed stabilizers. The

two most significent parameters in eatablishing bomb dynamie perfore

manee are the natural piteh Pre%uency and the spin rate, PFigure 12

presents a plot of the reduced (natural) piteh fregquency. versus the

equilibrium reduced spin rate.

A simple expression for the reduced spin rate in terms of aero-
dynamic derivatives and the fin-cant angle follows from an integration
- of the roll equation of motion which yields the expression,

. Cogb
pua.é.f‘.f..‘. (5)
ip

where Cgﬁ, cgp and § are the roll-drivi ng moment derivative due to
f£in eant, the rell-damping moment derivatives and the fin-cant angle,

-reapéckively. Thus, for a given configuration, the reduced apin
‘rate, p, 1s proportional to the augle of fin cant,§. It would gppear
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that tiiere is no bound on the upper value that p way reach. However,
excesaively high spin would be limited by aercdynamic effects, such
as £in stall, which were not included in the relationships from which
Equation (5) was derived. Subsequently, it will be shown that well
within the range of small finecant anglss (less than § degrees) the
aerodynamic (Magnus) and inertisl coupling between yew and pitch
mogionstputn & practical upper limit on fin cant and, hence, on

apin rate.

The pitch frequency, @,, may be written as,

CagpV2Sd

gxmama

where cﬂu’ #, V, S, 4, = and Xy are the derivatives of the static

(6)

[ oY «
e

pitching moment, the medium density, the free-stream airapeed, the
reference area, and reference length, the weapon mass and the
tranzverse radius of gyration (in calibers), respectively. The
reduced pitching freguency follows from Equation (6) by expressing
the mass, m, as

where pp §3 the average density of the weapon and fp is the fineness
(lengtheto-diameter) ratio. Equation (6) may then be rewritten as,

' | " clﬂ 1 "‘é |
o “-4'71"‘35*-?;% | ()

Further to this the pitching-moment derivative, ﬁ”a' mey be written

in tersms of the stabilizer nerﬁalurorea-dtrivative.,cga. a8

A i g2 O | .,

whers b 1s the span of the tall fins in calibers, ¥y, the distance
from the weapon center of gravity to the servodynamic¢ center of the
teil, in calibers, and AR the aspect ratic of the tail, Inserting
expression (8) tnto Eguation (7) glves T

T - '
¢ D e _
~ b l Ne 00 32Ty (1 :
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In this form Equation (39) clearly indicates the basic parameters
which place an upper 1imit on realizablie values of the pitch
frrequency. Referring to Figure 11, the boundary defined by Equatior
(9) is represented as a line parallel to the reduced spin rate axis.
Pitch frequencies above this boundary, region D, are not realizable
because of operational constraints on fin span, fineness ratio, etc.

A further consideration in bomb design is the avoidance of Sge
spin-yaw resonance condition which, according to linear analysis§
is assoclated with amplification of trim in the presence of amall
configurational asymmetries and this occurs when
W
—~1-f (10)
p

where g =« (KA/KT)2 is the ratio of the square of the axial~to
transverse radius of gyration. Since this ratio is found to be
less than 0.1 for any practical bomb design, a convenient simplifi-
cation of Equation (10) 1s

-~

wy % P | (11)

Thus, the resonance condition occurs when the pltch frequency
approximately equals the spin frequency. In Figure 12 this condition
is represented as a straight line of unit slope. The band (regilon A)
covering this line indicates that resonance may be serious when the
spin rate is in the vicinity of the pitch frequency.

An additional area of danger is deplcted by region E which is
associated primarily with flight behavior at large angles of attack,
"Catastrophic yaw' at release 1s a typical problem occurring in this
area and is caused when forces and moments induced at high sngles
of attack (greater than 15 degrees for a streamlined body) produce
a divergence from the disturbance imparted to the missile at release.
Another problem can arise where fins are designed dellberately to
impart roll. In this case, soon after release, the yaw-induced
rolling moment combines with the basic missile~roll characteristics
- to produce a sustalned, large amplitude, lunar motion.

it was menticned earlier that the presence of Magnus effects
reatricted the uppeyr bound of spin rate. This may be more clearly
appreciated by reforence to the solution of the linear equations
of motion previously given in expressions 1 and 2. Since the maln
coricern here is with conditions at the upper limit of spin rate,
it 1s possible to simplify expression 2 for the nutational and pre
cessiongl danping factods by ignoring the term in CNQ and assuming

PINTOTATIEE, T, D., "On the Free Flight Motion of Missiles Having
Slight Configurational Asymmetries,” BRL Report No. 858, June 1953
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K. . @
e (i --%E)‘ V243 2(§§)3(gﬁ)2 | (12)

because éﬁ << 1 for large values of ﬁ. Under these conditions the

expressions for L, and A, reduce to

Y -
an * 8o 1K (Cay + C) ¢ KL Cnpg) (13)
and
- - s [4

where 1t has been taken that in the limit as P+ e, (6315) + 0.
For the case of nutational damping in expression (13), since (cm +
m.) 18 always negative, stability depends upon the sign of °ﬂpa

: wnich may take on either sign. If Cnm is positive, then nutational
 etab111ty depends upon the relative magnitudea of KT (cmq + Cm,) and

x;avcnpu. The pitch damping derivative is usually between an order

to'twerrdere:at_magnitude larger than Cnp » but—KKa is abaut 30

" times the 812é of K&a. Powever. it would appear possible to stabilize
most weapons iﬂ nutation at large spin rates., ' |

: The precessional modé usually presents the greateat dif?iaulties
in stabilization. Thus, as seen from expressioa (24), if the Magnus

- derivative is negative (Magnus center of pressurs ahead of the

. center of gravity) the weapon will be unstable in precession, -

Furthermore, weapon stability is independent of the statice pitchinge
moment derivative, Oy » which is th2 essential stability parameter.

for & non-spinning. body. This lack of dependence of stability upon
C, and, hence. of" ﬂa- glves rise to the region F in Figure A -
. My

- Basically region ¥ indicates that beyond a certain dpin rate there
~ 1is the: passibility (depending upon the sign and magnitude of" cﬂpu)

of elther a nutational or precessional instabilivy due to Magnue
'w-_.,

moment derivative.
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Finally, it may be seen from Figure 12 that 1if motion amplitudes,

part.cularly in response to launch disturbances, are kept reasonably
sma.l (less than about 15 degrees), then two regions at B and C
exiat where satisfactory flight performance should be achieved. In

. region B the pltch rate is always higher than the roll rate and in
region C the converse 1s true, It is important to ncte that as the
lower left hand corner of both regions B and C is approached, fin

. alignments must be controlled to progressively smaller tolerances
if the resonance region A is to be avolided.

The preceding discussion 1s concerned with the stabllity of
symmetric weapons with fixed-cruciform stabllizers. The derived
criteria are equally valid for weapons fitted with freely spinning
stabilizers, provided the reduced spin rate, p, and the axial radius
of gyration, Kp, refer to the stabillzer alone. In references 3
and 21 the concept of a freely spinning stabllizer was extended to
bistable configurations with particular reference to the so-called
monoplane tall. A detailed stabllity analysis for weapons using
this type of stabilizer is given in reference 21.

A full understanding of missile dynamics is essential for
successful weapon design. The occurrence of large amplitude
oscillations In a free-fall unguided weapon can cause aircraft-weapon
collisions, degrade performance by large increases in drag and
affect weapon functioning. A necond important consideration in
weapon performanee is the magnitude of the zero~1ift drag.

Missile drag must be known for the preparation of aiming data
- and three basic technlques are commonly used to determine this
important parameter; namely, wind~tunnel measurement, free-flight
model tests and full-scale trlals. Wwhen a weapon development program
- has progressed sufficlently to allow preclse representation of the
fullescale missile, wind-tunnel tests are required to give an '
accurate measurement of static stability. The importance of detalled
reproduction of shape and exgrﬁgcences at this stage waz shown early -
-in the Bomb Dynamics Programss Wind-tunnel testing initiated too
early may lead to misleading results, followed by the need for
expensive duplication of the work. Drag should be measured in these
tests but need only be determined at discrete Mach numbers. To
minimize the interference effects, wind-tunnel models are normally
mounted from their base on a sting suppoert, However, even with an
arrangement of this kind, diffliculty may be experienced if the
missile has a signifihant boattall. 1In such cases the sting diameter
: . required to withstand aerodynamic loads on the model may be virtually
equal to the model's base diameter., The result is a distorticn of
the flow in the base reglon. Varlous semlempirical relationships
are npecessary to correct these measurements. These corrections ave
‘often troublesome to validate, particularly for transonic flow
conditiona,

The dependence of misgile drag upen Mach number can be established
in free flight by weans of ground«launched rocket trials in which -
scale models are boosted to any deslired maximum speed before being
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allowed to separate and fall freelv. Neasurements of decsleration

and velocity of the model after zeparation frox its booat motor
provide the necessary basic data. This is a quick and convenient
method which is appropriate tc an early stage of a development progranm.
The experiment can be extended to include laterally fired, shorte
duration rocket motors to disturd the model in flighi and, hence,
provide a technique for determining dynamic-stability derivatives.
These latter measurements should de confirmed at a later stage under
the more controlled conditions of wind-tunnel tests.

The last part of a ballistic design exercise consists of freew
fall drops of early production or preproduction rounds from which
drag would be measupred on a sample of stores in order to confirm
earlier measurements and give an estimate of consistency. All
three techniques outlined above have been used to measure drag on a
particular bomb (see Pigure 13). The results of these measurements
are given in PFigure 14,

5.3 A Practical Example of Bomb Design

To indicate how various testing techaniques may be applied to
problems in bomb design, the following example is drawn from recent
development of the bomb which is illustrated in Figure 13. Initfal
studies of this bomb were based on an earliér design for which some
wind-tunnel data were avallable; these data wers used to predict
fin aize and center-of-gravity positions. However, during enginzering
development of the weapon, certaln changes were made which necegsi-
tated an increase in centerbody length, s growth in tall cone base.
diameter and a linitation impoaed on fin span. The use of
retractable fins on this bomb was not peesviokle 45 the weapon designey.

When detalls of the basic configuration had been agreed to, it
became important to perform sizecomponent wind-tunnel tests onh 2
wodel., The largest poasible model scale was chosen to give confidence
in results for incidence angles up to 30 degrees. The data_{rom bhesu
vind-tunnel tests were fairly typleal for a cruciform bomb.2
However, there was evidence of static instability at small angles of
attack at transonic speeds and low statie stability at all speeds.
Having obtained detailed aerodynamic data on the stoye, computer
studies were then initlated to predict the likely performance of the
weapon and to assess requirements for the manufacturing tolerances.

I% should be enphasized here how modern eamguting facilities have
contributed most significansiy to the analysis of problems in
ballisties. It 15 now commonplace to solve the eguations of motion
of a rigld body having six degiees of (reedom and subject to a
position and rate of chenge of position dependant system of external
“aerodynamic forces and moments. Computey programs are currently
-avallable to hagﬂle problems gith widely varying complexity. The
“works of Holmes® and Goodale? were used extensively in the Boab
Dynamios Pragram._'

e Yowe K. "K., "Some Results of Force and Pressuve Plotts ing Tests
on a uymmetﬂaaal "tova.” ARA Nndel .eat Jote 5&6/2 ' E

_32 :




NOLTR

WOt 3INF@4 L *Old

o°sy -

08N ——enl

-

[ 06 ° 9 —o

.Ilﬂ.o-ﬂ L e

— 0Tl




WHOR ITN43U3438 311 ¥0H 43P0 WOV SIEEA IMRIDHAIOD DS ¥ "O1d

L X T T 2 T O

ot

=
A

e
-
™~
W
e e e o i

. . r ) . - - ; e i £ Gt % g ~ Aiat ..? 4

o ;. SRR | : ¥ - SN 4 . L AT 24 - ¥oe

2y ; &8 N w7y B ) d - a v . » B

@ . o X

10

z'0

0.

D

Oy NS Oves

)

O et




NOLTR 74~58

For the reference bomb, two types »f computation were performed.
The first, which might be termed a "catastrophic yaw search,"
comprised a number of predictions representing three seconds of
flight from release. Mach number and release height were varied to
coever the operational range of the weapon and systematlc changes were
included for center-of-gravity position, fin cant and initial roll
orientation. Due to rlow deflection in bomb bays and outwash effect
on pylon-carried bombs, the ia1itial roll orientation of the angle-of-
gttack plane cannot be readily determined. This follows from the
fact that the measurement of the flow characteristics for the
required multiplieity cf alrcraft and weapon characteristics 1s quite
prohibitive. Even by restricting the combinaticns of variables to
include only the more critical sltuations, it was found necessary to
examine hetween two and three hundred cases for the bomb under
consideration., For ease of lnterpretation, complex yaw plots were
produced for each case; systematic changes were noted and dangex
areas were ldentified for the range of parameters. Illustrations of
examples of these plots are shown in Figures 15 and 16. The second
type of computation, which could be described as a "resonance search,"
nade use of the computer program to predict flight histories of the
ratic of the pitch-te-spin frequency for a renge of representative
release conditions. From these records it was a simple matter to
deduce, f<1r each center-of-gravity position, a limiting fin cant
which would always maintain the spin-to-pitch frequency below rescnanc
With results obtained from these computer studles 1t was pussible to
specify an envelope of maxiaum allowable release disturbance center-
of=-gravity shift and fin manufacturing tolerance.

On the basis of predictions from uhe '"catastrophlc yaw search"
and the "resonance search," 1t was established that, for a maximum
relecase disturbance cof 20 degrees, the fin cant should not exceed a
vilue of approximately 0.05 degree. This figure was determined
primarily by the fact that limitations on fin span produced a weapon
with low static stabllity and correspondingly low natural piltching
frequency. Accordingly, to avoid hoth rescnance and adverse release
disturbance effects, the most sultable degign criterion was to
maintain roll ratas below the pitching frequency (that 1is, design
for the lower left-~hand corner of reglon B shown in Figure 12). To
maintain ¢ tolerance of such small magnitude, 1t was necegsary to
suomit fins of preproducticn rounds to g2arching examination. A
computer progran was therefore. prepared to make use¢ ¢f 33 maasurge
ments over each Pfin surface 30 that airfoll theory could be applied,
taking account of fin cant, camber and twist to detepmine an effective
mean fin-cant angle for the tall.”7 These mean fin-cant angles were .
subsequently conmpared with equivalent mean fin-cant angles deplved
from the roll histories o the free-flight fullwscale trials. -The
results, shown in Figure 17, exhibited a discouraging lack of
correlacion, but did indicate that the roll tolgrance was being
easily met. The lack of eorrelation is thought to be dis tv roll

demith,‘E. G., "A Method for Estimating the Cantsan>F1n Zero Lift
Angle Aceldently Built into a Missile During Manufacture ﬁ Hanting -
Engineering, Ltd., Yech. Memo HE/TM/T7/177, Pebruary 196& o
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induced by body asymmetries and to the difffculty of measuring the .
fins to the accuracy required for the computer program. However,
since the method could clearly detect fin misalignment at the
tolerance rejection level, the computer program was adopted as a
standard production 1nspection tool.

6.0 CONCLUSION

A primary objective of the joint WOL/RAE/WRE research program
on bomb dynamics has been to demonstrate the feasibllity of predicting
free-fall weapon performance on the basis of motion simulations using
relevant aerodynamic data as measured in wind tunnels in conjunction
with digital computing techniques. In general, the predicted motions
of the bomb test vehicle have shown a high degree of correlation '
with the observed flight histories, although, as might be expected,
complete equivalence was never achleved. It was, therefore, demon~
strated that wind-tunnel tests of precisely similar models can yield
data which may bLe used with confidence to predict fulle-scale missile
behavior. A significant result of the research has been inaight
accuired on the importance of yaw-induced forces and moments in
contributing to the stability of streamlined missiles and the
sensitivity of these forces and moments to small configurational
changes.13

With reference to the fixed=-cruciform finned bomb, new vechnigues
of design have been established, making use of wind tunnel and freéw
flight tests which are supported by comprehensive ballistic performance
studies carried out on high-speed computing facilities, Such methods
have been shewn to highlight the effects of poor design at an early
stage in weapon development and to provide a reliable means for the
assessment of ballistic consistency.

The experiments with unconventional acabilizersa 3 have shown
that freely spinning cruciform tails fitted to a bomb eliminate the
induced rolling moment and diminish the induced yawing moment and

side foree, Thus, 1t should be posgible to lower the statlo-stability
boundaries., If suitable engineering designs can be found for the '
bearings, then the spinning stabilizer will provide an attractive
solution for many freely falling weapons. However, it was also

shown that the spliteskirt does not offer a simple solution to the
stabllity problems. With unflanged surfaces this stabilizer is not
free from adverse effects induced by yaw and the use of rlanged-skirt'
segments glves only a modest improvement in perrormance. :

: Throughout the presearch program, wind-tunnel facilities in
the United Kingdom, United States and Australia were used to produce
the required aerodynamic data. Comparisons of these data, which

were based on identically similar models, provided a most effective
means for checking the results because the various wind tunnels had
widely differing capabilities. Particularly interesting coryelations
of dynamie measuring methods were made possible with data from “{ree -
oscillation" tests in the United States and “rerced oseillatiou“

"‘39»
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tests in the United Kingdom. In general, the results showed good
"agreement and were confirmed by fullescale measurements made in the
free-flight trials.

Concerning overall supervision of the program, there is no doubdbt
that communication difficulties contributed to a rather prolonged
time scale. In consequence, the working teams did experience difficulty
in maintaining their level of effort under the conflicting prioriites
of other tasks. Although formal reporting of the results has been
kept up-to-date through meetings such as TTCP, documentation of the
work has been seriously delayed. However, it should be emphasized
that a number of factors contributed to successful cooperation in
carrying out the research, creating a vital and cohesive influence
throughout, which did much to extend the scope and depth of the
work undertaken. '

Thus, meetings at working level were convened on an average st
yearly intervals to discuss the technical problems and report progress.
On such occasions overseas travel was minimized by limiting particl-
pation to only those people who were working directly on the research.
Specific objectives were set for the research teams of each country
by experts in exterior ballistics who met at special aymposia or
at meetings of the Exterior Ballistics Panel (07) of The Technical
Cooperative Program (TTCF). Furthermore, in planning the program
of activities, consideration was given to the talents and facllities
available in each country so that the overall effort could be
directed to obtain the greatest possible advantage.

4o
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